Introduction
Hemispatial neglect is a common outcome after right hemisphere stroke and is characterized by a deficit in perceiving, orienting, and moving toward the left side of space (Halligan et al., 1989) . One proposal about the mechanisms contributing to neglect has invoked interhemispheric rivalry or competition (Kinsbourne, 1993) . Because interhemispheric projections are believed to be inhibitory (Sprague, 1966) , their loss, due to the impairment of one hemisphere, would result in a hyperexcitation of the intact hemisphere. As a result of a hyperactivation of the intact hemisphere, with concurrent hypoactivation of the damaged hemisphere, patients focus their attention on the ipsilesional field and the contralesional field lacks sufficient attentional resources. Stemming from this theoretical background, transcranial magnetic stimulation studies 0922-6028/15/$35.00 © 2015 -IOS Press and the authors. All rights reserved have shown that disturbing or inhibiting cortical functioning of the left posterior parietal cortex (PPC) is able to attenuate the pathological over-excitability of parieto-motor circuits in neglect patients, and ameliorate clinical aspects of neglect Brighina et al., 2003; Shindo et al., 2006; Koch et al., 2008 Koch et al., , 2012 Nyffeler et al., 2009; Song et al., 2009; Lim et al., 2010) . These findings provide physiological and behavioral evidence for the idea that unbalanced excitability of the two hemispheres is an important contributor to neglect. If this theory of imbalance is correct, restoration should be conceived as a rebalancing act. This can be done by inhibiting the overexcited intact tissue and/or increasing excitability of the residual tissue in the ipsilesional cortex (Fregni et al., 2005; Hummel and Cohen, 2006; Boggio et al., 2007; Talelli and Rothwell, 2006; Hummel et al., 2008; Avenanti et al., 2012b; Mylius et al., 2012) . A recent technique which has been safely applied to change patterns of hemispheric activation and inhibition in brain damaged patients is transcranial direct current stimulation (tDCS) (Ko et al., 2008; Feng et al., 2013; Sparing et al., 2009) . tDCS is based on the application of low-amplitude electric current (typically 1-2 mA) to the scalp through relatively large sponge-based electrodes (e.g. 35 cm 2 ). tDCS has been shown to elicit polarity-dependent excitability changes in the cortical area under the stimulation electrodes. Studies in the motor cortex showed that anodal tDCS (a-tDCS) increases motor excitability while cathodal tDCS (c-tDCS) decreases it (Antal et al., 2004; Nitsche and Paulus, 2000; see Horvath et al., 2015 for a recent quantitative meta-analysis), although many factors may contribute to the efficacy of the stimulation, including intensity, electrode size and disposition and duration of stimulation (Nitsche and Paulus, 2000; Nitsche et al., 2008; Mylius et al., 2010) . Importantly, similar polarity-dependent effects can be reliably observed at the behavior level, at least when testing perceptual/attentional cognitive functions (Jacobson et al., 2012) , with a-tDCS and c-tDCS being involved in the enhancement and inhibition of such functions, respectively.
Brain stimulation protocols based on tDCS may represent an ideal tool to promote neural plasticity in stroke patients, because compared to other noninvasive techniques (i.e. TMS), tDCS is easy to use, and can induce longer-lasting and more diffuse effects on neural networks which may be preferable for therapeutic purposes.
However, to date only a few studies have used tDCS to ameliorate symptoms of neglect in stroke patients. Two studies successfully applied single doses of tDCS to induce short-term improvements. In a crossover study on subacute patients, Ko and colleagues (Ko et al., 2008) first showed that a-tDCS (2 mA, 20 min) over the right PPC improved performance in two neglect tests (figure cancellation and line bisection), while sham stimulation did not. In a cross-over study on a group composed by subacute and chronic patients, Sparing et al. (2009) demonstrated that both a-tDCS (1 mA, 10 min) over the affected PPC or c-tDCS (1 mA, 10 min) over the intact homolog area reduced symptoms of neglect, as assessed by a line bisection task and the subtest for neglect from an attention test battery. More recently, bilateral tDCS (a-tDCS over the affected PPC and c-tDCS over the intact PPC; daily sessions of 20 min at 1 mA intensity) was applied simultaneously with a computerized neuropsychological training program for neglect in a sham-controlled single case study (Brem et al., 2014) . Results suggested that the simultaneous coupling of tDCS and standard neuropsychological training is feasible and tDCS may enhance training-induced improvements in measures of visuospatial neglect.
However, two outstanding issues remain to be addressed. First, it is critical to provide group-level evidence that the neuromodulatory effect of tDCS could boost the effect of neuropsychological treatment of neglect. Second, although previous research has demonstrated beneficial effects of single-doses of atDCS and c-tDCS on neglect patients (Ko et al., 2008; Sparing et al., 2009) , it is unclear which stimulation strategy is more effective in modulating the outcomes of neuropsychological rehabilitation in such patients.
A variety of rehabilitation techniques for neglect have been explored (see e.g., Cappa et al., 2005 : Bowen et al., 2007 for review) and the prism adaptation technique (PA), in particular, has been shown to ameliorate neglect symptoms in large samples of patients (see Luauté et al., 2006a; Chokron et al., 2007; Barrett et al., 2012 for reviews) . PA requires the patient to perform a series of pointing movements (with the ipsilesional hand) toward a visual target while wearing prismatic goggles. These goggles induce a deviation of the visual field toward the right. To compensate, the patient has to orient the pointing movement toward the left, resulting in a leftward drift of sensorimotor coordinates, both during exposure to prism (i.e. error reduction) and after prism removal (after-effect). Several studies E. Làdavas et al. / tDCS and PA for neglect treatment 649 have shown that this sensorimotor adaptation improves most neglect symptoms both for a short period of time after a single session of PA (Rossetti et al., 1998; Farnè et al., 2002) and in the long term, up to 6 months, after 2 weeks of daily treatment (Frassinetti et al., 2002; Serino et al., 2006 Serino et al., , 2007 Serino et al., , 2009 Làdavas et al., 2011) .
In the present research, we sought to investigate whether the multiple sessions of c-tDCS applied over the left PPC in the intact hemisphere or a-tDCS applied over the right PPC in the lesioned hemisphere, might boost the beneficial effects of PA. A total of 19 post-acute neglect patients after right stroke performed PA treatment, in combination with tDCS protocols that were effective in enhancing (a-tDCS) or inhibiting (c-tDCS) parietal functioning both in neurologically intact individuals and stroke patients (Ko et al., 2008; Bolognini et al., 2013 Bolognini et al., , 2015 Convento et al., 2014; Minamoto et al., 2014 ). Eleven patients were tested in the a-tDCS group and eight patients were tested in the c-tDCS group. To potentially prime functional networks and influence neuropsychological treatment, tDCS was applied before and partially during each of 10 daily sessions of PA. Results were then compared with those obtained in a control condition, in which PA treatment was associated with sham tDCS, run in a different group of neglect patients (N = 11). For each of the three groups, PA treatment was applied in 10 sessions over 2 weeks. The severity of neglect was assessed before and after the combined treatment through the Conventional Battery of the Behavioral Inattention Test (BIT; Wilson et al., 1987) , a comprehensive battery that consists of a number of standardized tests, such as line crossing, letter cancellation, star cancellation, figure and shape copying, line bisection, and drawing. If tDCS effectively augments rehabilitation outcomes, in line with the imbalance theory whereby restoration is due to a rebalancing act, stronger neglect improvement should be observed after active tDCS conditions than after sham tDCS. The comparison between the results obtained after ctDCS over the left PPC and a-tDCS over the right PPC would thereafter indicate which strategy is optimal for enhancing the effect of PA. Importantly, the outcome of the treatment might depend on the neural networks underlying the mechanisms of prism adaptation. If PA is at least partially mediated by parietal sensorimotor networks in the left, intact hemisphere, contralateral to the hand performing the pointing movements (Luauté et al., 2006 (Luauté et al., , 2009 , one may expect little or no improvement after c-tDCS over left PPC. Indeed, while such brain stimulation protocol might ameliorate neglect symptoms when uncoupled with a specific treatment (Sparing et al., 2009) , it can also interfere with motor control functions of parietal regions (Convento et al., 2014) and thus with the PA rehabilitation itself. Rather, a greater improvement is expected after a-tDCS over right PPC, as anodal stimulation of PPC has been proven to enhance parietal functions (Convento et al., 2014; Minamoto et al., 2014; Bolognini et al., 2015) and improve neglect symptoms (Ko et al., 2008) . AtDCS over right PPC may activate residual tissue in the affected parietal cortex, without interfering with left hemisphere sensorimotor networks mediating the progressive realignment process, necessary for PA to occur. Therefore, greater neglect improvement can be expected in the a-tDCS group relative to the others two groups.
Method and procedure

Design and patients selection
This is a 3 parallel groups, double-blinded study, with imbalanced randomization (see below). Thirty right-handed patients presenting with neglect after right hemisphere stroke were recruited to participate in the study at the Istituto di Riabilitazione Santo Stefano, MC, Italy, between January 2008 and June 2012 (Table 1) . From a sample of 92 stroke patients, with unilateral right brain damage, admitted to the Institute, patients with hemispatial neglect, meeting the following criteria, were selected; the inclusion criterion was their pathological performance on the Behavioral Inattention Test (BIT) battery (i.e., with BIT Conventional scores ≤129 (see below). Exclusion criteria were the presence of widespread mental deterioration (Mini-Mental State Examination score <20), psychiatric disorders, a history of prior stroke or prior haemorrhage, any severe internal medical disease, epilepsy and additional factors influencing the risk of epilepsy (i.e. assumption of medications that raise the seizure threshold, metal in the head, alcohol consumption, excessive caffeine intake). In addition, all patients were submitted to prolonged EEG monitoring to exclude presence of epileptic activity before inclusion in the study. All patients gave informed consent for participation in the study. Experimental procedures were approved by the ethics committees of Istituto di Riabilitazione Santo Stefano and of Department of Psychology, University of Bologna (Ref: N.148, 3.5.11) and conducted in accordance with the Declaration of Helsinki. Power analyses were conducted on the basis of the effect size of PA treatment reported in 3 previous papers (Serino et al., 2006 (Serino et al., , 2007 (Serino et al., , 2009 ) using the same procedure of PA as in the present study, on a total of 45 patients (average BIT-C scores ± s.e.m.: Baseline = 99.25 ± 6.6; post-treatment = 125.57 ± 6.4; effect size dz = 1.21). Results indicated an adequate sample size of 10 subjects per group for a one-sided 5% significance level; therefore, we included a total of 30 patients in the study. A two-steps approach was used to assign patients to the different experimental groups. Twenty-four patients (8 per group) were initially randomly assigned to sham tDCS, c-tDCS over the contralesional PPC or to a-tDCS over the ipsilesional PPC. From each triplet of patients, the first patient was assigned to the sham group, the second to the c-tDCS group, and the last one to the a-tDCS group, with the order of group assignment varying between patients' triplets. At the end of this stage of the research, an interim analysis was conducted on data from 8 patients per group. No improvement after PA was shown in patients assigned to the c-tDCS group. Thus, for ethical reasons, and as required from the ethical committee of the Istituto di Riabilitazione Santo Stefano, no more patients were assigned to this procedure (final N = 8). Thereafter, the next 6 recruited patients were assigned to either the sham PPC tDCS (final N = 11) or to the real anodal tDCS (final N = 11) condition. The groups did not differ between each other in gender (all p values = 1), mean age (all p values >0.16), education (all p values >0.24), duration of illness (all p values >0.27), or baseline BIT Conventional scores (all p values >0.56), and had similar stroke location (Table 1) . Patients were unaware of their group assignment; all were only told that they had been enrolled in rehabilitation treatment for their spatial attention deficits (involving a neuromodulator session with tDCS and a training session with PA). The neuropsychologist who performed neglect evaluation before and after the treatment was blind with respect to the patients' group assignment. The researcher who generated the patients' allocation sequence did not perform the neuropsychological evaluation, nor administered the treatment.
PA procedure
The 2-week rehabilitation program consisted of 10 sessions lasting 30 minutes each and held 5 days per week. During PA treatment, patients were required to repeatedly point at a visual target with their right index finger while wearing prismatic lenses, which shifted their visual field 10 • rightward. Visual targets were presented 90 times, 60 cm away from the patient's midline subtending a total visual space of 50 • . The visual targets were presented 30 times in a variety of positions in the patient's right visual field (randomly chosen over a range between +25 and +15 deg), 30 times in the left (randomly chosen over a range between −25 and −15 deg) and 30 times in the center (randomly chosen over a range between +5 and −5 deg), in random order. During the adaptation procedure, the pointing movement was hidden below the top face of a custom-made structure (see Serino et al., 2006 Serino et al., , 2007 Serino et al., , 2009 Làdavas et al., 2011) until the final part of the movement (approximately the last 12 cm), when the index finger emerged beyond the distal edge of the structure. In this way, patients could only see the final part of their movement, i.e., their index finger, thus enabling them to progressively correct the pointing errors induced by the prism. This amount of visual feedback has been proved to be more effecting in recovering neglect visuo-spatial deficits (see Làdavas et al., 2011) .
Transcranial direct current stimulation
tDCS was applied using a battery-driven Eldith (neuroConn GmbH, Ilmenau, Germany) Programmable Direct Current Stimulator with a pair of surface saline-soaked sponge electrodes (5 × 7 = 35 cm 2 ). Rubber bandages were used to hold the electrodes in place for the duration of stimulation. In each session, we delivered a constant current of 2 mA intensity (current density: 0.57 mA/cm 2 ) complying with current safety data (Nitsche et al., 2003a; Poreisz et al., 2007) . Stimulation lasted for a total of 20 min not including 20 s of ramp up and ramp down at the beginning and end of stimulation. Impedance was constantly monitored and kept below 8 kOhm.
Two different electrode montages targeted the PPC in the left and right hemispheres using the P5 and P6 positions of the international 10-20 system for EEG electrode placement (Fierro et al., 2000 Oliveri et al., 2001; Brighina et al., 2003; Shindo et al., 2006; Lim et al., 2010) . More specifically, for a-tDCS, the anodal electrode was placed over P6 (right PPC), while the reference electrode was applied over the left supraorbital region. We selected this arrangement of the reference and stimulation parameters (2 mA for 20 min) based on the study of Ko and colleagues (2008) , who showed that a single-dose of such a-tDCS protocol was effective in ameliorating neglect symptoms. Moreover, a-tDCS with similar PPC-contralateral orbit montage and stimulation intensity enhanced parietal functioning (e.g. performance in attentional tasks, action planning) in other studies on healthy subjects (Convento et al., 2014; Minamoto et al., 2014) and stroke patients (Bolognini et al., 2015) . For the c-tDCS, the cathodal electrode was placed over P5 (left PPC) and the reference electrode was positioned over the right supraorbital region. This PPCcontralateral orbit montage at an intensity of 2 mA was proven to inhibit parietal functioning in previous studies (Bolognini et al., 2013; Convento et al., 2014; Minamoto et al., 2014) .
The montage used in the sham group mimicked that used in the two active groups: in 5 patients, the cathode was placed over P5 and anode over the right supraorbital region, in the remaining 6 patients, the anode was placed over P6 and the cathode over the left supraorbital region. The sham protocol ensured that subjects would feel the initial itching sensation at the beginning of tDCS; electrodes were placed in the same positions as PPC tDCS, but the stimulator was turned off after just 30 s (fade in/out: 20 s), preventing any effective modulation of cortical excitability. This procedure ensures successful blinding of participants when using lower tDCS intensities (1 mA) (Gandiga et al., 2006; Ambrus et al., 2012) whereas it may be less effective at the intensity used in our study (2 mA) (O'Connell et al., 2012) . However, the risk of unblinding should be minor considering that we did not use a cross-over design and all patients were naïve to tDCS (see Loo et al., 2010 Loo et al., , 2012 for evidence of effective blinding using similar stimulation parameters). Adverse events were monitored by asking patients after each session of stimulation and in the follow-up if they have experienced any adverse event and the relationship of these events to the treatment with tDCS.
Although it is still not clear which is the optimal way of combining tDCS and neuropsychological training, clinical trials have shown beneficial effects when applying tDCS at the onset of the training (Baker et al., 2010; Kim et al., 2010; Lindenberg et al., 2010; Bolognini et al., 2011; Marangolo et al., 2011) or some minutes earlier, to assure that training was performed under stimulation (Fridriksson et al., 2011; Brem et al., 2014) . In these studies, tDCS was administered during the entire duration of the training or, in most of the cases, its initial part (i.e. the training typically lasted some minutes/hours longer than tDCS). Other studies, using tDCS or TMS have also suggested that brain stimulation applied before training induce training-dependent enhancements (Koganemaru et al., 2010; Avenanti et al., 2012b; Giacobbe et al., 2013) suggesting the beneficial effect of priming functional network prior to learning. In this study, tDCS lasted for 20 min. PA training started 10 min after the onset of the stimulation (we reasoned that this timing was enough for tDCS to induce changes in excitability in the target networks, see Paulus 2000, 2001; Nitsche et al., 2003a Nitsche et al., , 2003b Ardolino et al., 2005) and lasted 30 min. During the first 10 min of stimulation, patients were at rest, whereas during the following 10 min they started to perform the PA treatment.
Neglect assessment
In order to provide a general, clinically relevant measure of neglect deficits and improvement, the outcome of the treatment was evaluated by using the Conventional Battery from the Behavioural Inattention Test (BIT), with scores up to 129 considered as indicative of neglect (range: 0-146). Neuropsychological evaluation was performed by blinded raters before the treatment, within the week preceding the first session of PA treatment, and after the treatment, within the first week after the last session of PA treatment.
Lesion analysis
Patients' brain lesions were identified in the MRI scans by an experienced neuropsychologist for all patients but one (Case P4 from Sham group for whom only the medical report of the original CT scan was available). Brain lesions were drawn onto a normalized MNI template (www.bic. mni.mcgill.ca/cgi/icbm view) using MRIcro (www. mricro.com; Rorden and Brett, 2000) . Subsequently, the locations of the lesions were identified using the Automated Anatomical Labelling map (TzourioMazoyer et al., 2002) provided by the software, and with reference to the atlas of Duvernoy et al. (1991) . Lesion reconstructions are reported in Fig. 3 .
Results
Patients reported no significant adverse effect of tDCS, except only a few cases of minimal irritation of the skin beneath the electrodes. An ANOVA run on BIT scores with the factors Session (Pre-and Post-training) and Group (Sham, a-tDCS and c-tDCS) revealed a main effect of Session [F(1,27) = 80.25, p < 0.001; η 2 = 0.42], with higher scores after the treatment (mean score ± s.e.m.: 112 ± 6) than before the treatment (101 ± 5), showing a general beneficial effect of PA on neglect recovery. More importantly, the Session × Group interaction was also significant [F(2,27) = 4.06; p < 0.05; η 2 = 0.23]. Pre and posttraining results are reported in Fig. 1 .
Newman-Keuls post-hoc comparisons showed that the patients from both the Sham and the a-tDCS groups significantly improved after the training (Sham = 112 ± 9; a-tDCS = 120 ± 4) as compared to before the training (Sham = 103 ± 10; a- tDCS = 101 ± 8; both p < 0.05; η 2 = 0.52 and 0.56, respectively). In contrast, no improvement was observed in patients from the c-tDCS group in the post-training (101 ± 16) compared to the pre-training (99 ± 15) sessions (p = 0.78; η 2 = 0.16). Moreover, there was no difference in the performance by the 3 groups in the pre-training session (all p values >0.61), whereas post-training scores were significantly higher in the Sham and in the a-tDCS group compared to the c-tDCS group (both p values <0.05), and also in the a-tDCS group compared to the Sham group (p < 0.05).
The main effect of Group was not significant (p = 0.77; η 2 = 0.019). In addition to traditional mixed ANOVA, in line with recent suggestions in the field (Goedert et al., 2013) , we also run a statistical analysis based on Mixed LinearModeling(MLM).MLM,indeed,betteraccountsfor between-subjectheterogeneityinneglectseverityandin recovery, and does not make rigid assumption regarding the data structures. To this aim, BIT scores were entered as dependent variable, Group (Sham, a-tDCS, c-tDCS) and Session (Pre-, Post-Treatment) as factorial fixedeffects and participants' intercepts were modeled as a randomeffect.TheMLManalysisrevealedamaineffect of Session (F(1,27) = 19.4; p < 0.0001) and a significant Session X Group interaction (F(2,72) = 4.02; p = 0.03), and no main effect of Group (p = 0.71), thus replicating the results from the mixed ANOVA described above. In order to test whether anodal tDCS boosted the PA effects as compared to the improvement induced by PA alone in the Sham group, we also run MLM analyses on BIT scores post-training, with patients as random factor, group including only sham and a-tDCS group, as fixed factor, and BIT scores pre-training as a covariate factor. Results showed a significant effect of Group (p = 0.01) and a significant BIT pre-training × Group interaction (p = 0.004), showing that a significant increase in neglect amelioration after the coupling of PA and atDCS can be demonstrated, as compared to coupling PA with sham stimulation, when inter-individual variability and patients' level before the treatment are taken into account.
Improvements by individual patients from the 3 groups is also reported in Fig. 2 .
Lesion analyses
The location and the extent of patients' brain lesion are shown in Fig. 3 . A first lesion analysis was run in order to check that the differential effect on neglect recovery after combined tDCS and PA treatment for Sham, a-tDCS and c-tDCS patients was not due to a different distribution of brain damage in the 3 groups as a consequence of an uncontrolled group assignment bias. To this aim, we firstly compared the general extent of damaged tissue between the 3 groups. For each patient, we calculated the proportion of general brain damaged, by computing and summing the proportion of damaged voxels in each brain area considered by the Automated Anatomical Labelling map (Tzourio-Mazoyer et al., 2002) embedded in MRIcro. Those indexes were compared between the 3 groups by means of a one-way between-subjects ANOVA. There was no group difference in the general proportion of brain damage (p = 0.71; Mean proportion of damaged voxels ± s.e.m.: Sham = 13% ± 6; a-tDCS = 9% ± 2; c-tDCS = 14% ± 3).
In addition, we controlled that the extent of brain damage in those areas where tDCS was applied was balanced between the 3 groups. To this aim, we calculated the proportion of damaged voxels in posterior parietal regions, approximately corresponding to the location of P6 electrode (Fierro et al., 2000 Oliveri et al., 2001 ), used as target position for the anodal electrode in the a-tDCS group. As it is well known that effects of tDCS are not focal, we considered the following regions of the right PPC: the angular gyrus, the supramarginal gyrus, the inferior parietal lobule and the superior parietal lobule that were likely affected by anodal current. No analysis was conducted for brain lesions at the location of P5 electrode, used as a reference for the cathodal electrode in c-tDCS patients, because none of the patients presented a lesion in the left hemisphere. The proportion of damaged voxels in the right angular gyrus, supramarginal gyrus, inferior parietal lobule and superior parietal lobule was compared between the 3 groups with a series of between-subjects oneway ANOVAs. The extent of the brain lesion was not different between the 3 groups in the angular gyrus (p = 0.71; Mean proportion of damaged voxels ± s.e.m.: Sham = 22% ± 10; a-tDCS = 13% ± 9; ctDCS = 13% ± 10), the supramarginal gyrus (p = 0.85; Sham = 29% ± 12; a-tDCS = 23% ± 10; c-tDCS= 32% ± 13), the inferior parietal lobule (p = 0.93; Sham = 16% ± 11; a-tDCS= 11% ± 9; c-tDCS = 11% ± 11) and the superior parietal lobule (p = 0.57; Sham = 11% ± 9; a-tDCS = 8% ± 5; ctDCS = 2% ± 2).
Theoretical arguments have suggested that excitatory brain stimulation protocols over lesioned areas may be problematic because: i) damaged tissue is more epileptogenic and thus its stimulation is potentially risky; ii) the stroke scar may shunt the induced currents and lead to mislocalization of the stimulation and thus the effect of such excitatory protocols may be of difficult interpretation Adeyemo et al., 2012) . Although available data seem not to support point i) Ayache et al., 2012) , it is reasonable to apply a-tDCS over relatively spared cortical areas to have clear neuromodulatory effects and minimize any risk. Hence, we checked that no patient in the a-tDCS group had complete damage in the right PPC region corresponding to the position of the anodal electrode. With the exception of two patients (P6 with 81% and P4 with 38% of damaged voxels), all participants in the a-tDCS had small lesions in the target area (<20% of damaged voxels).
We also checked whether the 3 groups were matched for the extent of frontal, temporal, parietal, occipital and subcortical (namely in the putamen, caudatum, pallidum and thalamus) damage. To this aim, we computed the number of damaged voxels in each area indicated by the Anatomical Labelling map in MRIcro, we summed those values for the different areas belonging to each region, and we extracted the proportion of damaged tissue for each region. Those indexes were compared between the 3 groups by means of series of one-way ANOVAs with the between-subjects factor of group. There was no between group difference for any of the considered region. (Frontal areas: p = 0.19; Sham = 11% ± 9; a-tDCS = 7% ± 3; c-tDCS = 9% ± 3; Temporal areas: p = 0.33; Sham = 14% ± 5; a-tDCS = 9% ± 3; c-tDCS = 17% ± 5; Parietal areas: p = 0.84; Sham = 14% ± 8; a-tDCS = 10% ± 5; ctDCS = 10% ± 5; Occipital areas: p = 0.66; Sham= 4% ± 3; a-tDCS = 2% ± 2; c-tDCS = 1% ± 1; Subcortical areas: p = 0.43; Sham = 9% ± 7; a-tDCS= 12% ± 3; c-tDCS = 19% ± 6).
Finally, we investigated whether the different extension of lesions across the whole brain or in the different brain regions could partially explain the differential effects of combined tDCS-PA treatment in the three groups. To this aim, we firstly run an ANCOVA on the BIT scores data, with the factor Session (pre-, posttreatment) and Group (Sham, a-tDCS, c-tDCS) , and with the total proportion of damaged voxels as a covariate. Results confirmed the significant effect of Session (F(1,25) = 14.71; p < 0.0001) and, more importantly, the significant two-way Session × Group interaction (F(2,21) = 3.46; p < 0.05), with no significant further effect of general proportion of damaged voxels, nor any interaction between brain damage and the other factors (all p values >0.32). In addition, we also tested whether the location of brain lesions could, at least partially, explain neglect amelioration after different combinations of tDCS and PA. We run an ANCOVA on the BIT scores data, with the factor Session (pre-, posttreatment) and Group (Sham, a-tDCS, c-tDCS), and with the proportion of damaged voxels in the frontal, temporal, parietal, occipital and subcortical regions as covariates. Results confirmed the significant two-way Session × Group interaction (F(2,21) = 3.78; p < 0.05), with no significant further effect of the brain damage, nor interaction between brain damage and the other factors (all p values >0.30).
Discussion
The aim of the present study was to test whether and how the neuromodulatory effect of tDCS could be used to boost effectiveness of PA treatment in neglect patients. To this aim, we compared the effects of pairing PA with the c-tDCS applied over PPC in the left, intact hemisphere and the a-tDCS applied over PPC in the lesioned, right hemisphere, with those obtained in a control condition, in which PA was paired with a sham tDCS.
The results show that in the sham group the repetition of pointing movements toward visual stimuli, while the patient was wearing the prism, improved visuospatial performance. The exercise requires the patient to plan and perform a series of movements toward a visual stimulus presented in different positions of the visual field and to compensate for the visual displacement induced by prisms. Since pointing relies on a form of visuomotor coordination between the hand and eye (Neggers and Bekkering, 2000) , pointing exercises during PA train the patient to re-orient the eye-hand sensorimotor system toward the left side of space in order to compensate for the right displacement induced by prisms (Angeli et al., 2004a (Angeli et al., , 2004b Serino et al., 2006) . The beneficial effect of prism adaptation on neglect has already been demonstrated in a number of previous studies (Rossetti et al., 1998; Frassinetti et al., 2002; Serino et al., 2006 : Vangkilde and Habekost, 2010 Fortis et al., 2010; Làdavas et al., 2011) and PA is considered to be one of the best tools for treating neglect at the present moment (see Zoccolotti et al., 2011; Barrett et al., 2012) . However, some trials failed in reporting statistically significant long term improvements after PA (Turton et al., 2010; Nys et al., 2008) and not all patients treated with PA fully benefited from the treatment (see Barrett et al., 2012 for comments) . Therefore, novel adjuvant treatments potentially capable of enhancing the benefits of PA are highly desirable.
The important new finding from the present study is that the beneficial effects of PA were significantly boosted if the treatment was coupled with a-tDCS applied over the affected right PPC. In contrast, when PA treatment was coupled with c-tDCS applied over the unlesioned PPC, no improvement at all was observed. Previous studies have shown that upregulating excitability in the affected PPC or inhibiting the intact PPC may ameliorate neglect symptoms in stroke patients (see e.g., Oliveri et al., 2001; Brighina et al., 2003; Shindo et al., 2006; Koch et al., 2008 Koch et al., , 2012 Ko et al., 2008; Sparing et al., 2009; Nyffler et al., 2009; Song et al., 2009; Lim et al., 2010) and in general this approach has found support also in other domains, as for example in the motor domain, whereby improvements of motor dexterity in hemiparetics has been reported both after excitatory stimulation of the affected motor cortex or inhibitory stimulation of the unaffected motor cortex (Khedr et al., 2005 (Khedr et al., , 2009 Mansur et al., 2005; Takeuchi et al., 2005; Fregni et al., 2006; Kim et al., 2006; Boggio et al., 2007; Ameli et al. 2009 ).
Relevant for the present study is the work of Ko and colleagues (2008) who used a-tDCS over the right PPC (2 mA for 20 min) and found short-term improvements in neglect symptoms. Additionally, Sparing et al. (2009) showed that both c-tDCS over the left PPC and a-tDCS over the right PPC reduced neglect symptoms in stroke patients. Our a-tDCS results confirm and extend these previous findings, by showing that anodal currents over PPC applied before and partially during PA may result in a better functional outcome than PA combined with sham stimulation.
The a-tDCS protocol is thought to increase the excitability of the targeted network by acting on two possible mechanisms. When applied online a-tDCS is thought to induce effects that are related to membrane depolarization because they are affected by ion-channel blocking substances (Stagg and Nitsche, 2011) , whereas off-line induced effects (i.e. effects that persist beyond the stimulation period) involve the additional participation of glutamatergic N-methyl-Daspartic (NMDA) receptors and therefore a long-term potentiation-like (LTP) mechanism (Liebetanz et al., 2002; Stagg and Nitsche, 2011) . It is likely that both mechanisms influenced changes in behavior in the a-tDCS group, since our PA treatment started after 10 min stimulation -a timing sufficient to induce longlasting increase of excitability for up to 1 hour (Nitsche and Paulus, 2001; Nitsche et al., 2003b; Ardolino et al., 2005) and was continued for 10 min during online stimulation (see Fridriksson et al., 2011; Brem et al., 2014 for similar approach in stroke patients). While the present study demonstrates a beneficial effect of applying a-tDCS over the right PPC before and partially during PA treatment, future studies are needed to clarify whether it is more promising to affect both off-line and on-line a-tDCS mechanisms, or selectively focus on either of the two.
Our findings strongly support the notion that a-tDCS may improve neglect symptoms, however, they are in apparent contrast with previous research relative to the effect of c-tDCS. Indeed, the lack of improvement found in our c-tDCS group contrasts with the findings of Sparing and colleagues (2009) and with those of previous TMS studies showing beneficial effects of inhibiting the left PPC in stroke patients Brighina et al., 2003; Shindo et al., 2006; Koch et al., 2008 Koch et al., , 2012 Nyffler et al., 2009; Song et al., 2009; Lim et al., 2010) .
One possible concern is that our c-tDCS protocol was not effective in inhibiting the intact PPC. Indeed, a previous study using 2 mA for 20 min over the motor cortex has suggested that this type of stimulation, with relatively high intensity and long duration, can be excitatory (Batsikadze et al., 2013 ; but see Tremblay et al., 2013 and Horvath et al., 2015) . The study of Batsikadze et al. (2013) suggests that enhanced intensity and duration of c-tDCS may shift the direction of the changes in excitability, possibly because of an increase of calcium level to an amount that induces LTP-like plasticity.
However, it should be considered that in our study the distance between the target and reference electrode was greater compared to that study. Longer distances between electrodes might be associated with decreased stimulation efficiency (Moliadze et al., 2010) , and this factor may have prevented our stimulation to become excitatory. Indeed, if the effects of our c-tDCS were excitatory, one should have expected an exacerbation of the neglect symptoms because of the over-activation of the left PPC in the intact hemisphere. In contrast, we did not find a worsening of neglect symptoms in the c-tDCS group, but rather no improvement after stimulation and PA treatment. Additionally, previous studies testing very similar stimulation and electrode arrangement over PPC found results compatible with a reduction of cortical excitability in the stimulated PPC (Bolognini et al., 2013; Convento et al., 2014; Minamoto et al., 2014) . Interestingly, such effects were reported both when c-tDCS was applied online (Minamoto et al., 2014) , and thus likely reflected a reduction in cortical excitability induced by membrane hyperpolarization, and when c-tDCS was administered offline (Bolognini et al., 2013; Convento et al., 2014) , and thus likely acted on long term depression-like (LTD) mechanisms (Nitsche et al., 2008) .
Thus, it appears rather that our c-tDCS protocol interfered with the effects of PA. In view of the temporal relation between the two interventions, it may be possible that either membrane hyperpolarization or LTD-like mechanisms (or both) may have negatively influenced learning during PA. In this vein, findings from the present study suggest that some principles of neuromodulation (i.e. inhibiting the healthy hemisphere) are not necessarily beneficial when coupled with another rehabilitation treatment, although it remains to understand whether online or offline influences (or their combinations as in the present study) may interfere most with treatment. Thus, our data suggest caution in designing coupled tDCS -rehabilitation interventions: when non-invasive brain stimulation is coupled with cognitive rehabilitation, it is critical to consider which neural mechanisms are recruited by the treatment. If these correspond to the networks that are affected by ctDCS, such stimulation can be detrimental rather than beneficial. This is probably what happened in the present study.
Few previous imaging studies investigated the anatomic substrates underlying the beneficial effect of PA in patients with persistent left neglect following right hemisphere stroke and have reported that beneficial effects of PA correlated with activation of the left PPC. In a first study, Luauté et al. (2006) used PET to examine the changes of regional cerebral blood flow as a function of neglect improvement. They found that regions associated with improvement of neglect produced by PA included right cerebellum, left thalamus, left temporo-occipital cortex, left medial temporal cortex, and right posterior parietal cortex. Thus, PA seems to reduce neglect by facilitating the recruitment of an intact network of brain areas responsible for controlling normal visuospatial responses in the healthy hemisphere. In a further study (Luauté et al., 2009) , run on healthy participants, the same group used an event-related fMRI design, which allows a dynamic investigation of neural activity over the time course of prism exposure, and found that the visuo-motor correction of pointing movements implemented during PA was related to an activation of the left PPC, i.e. in the left parieto-occipital sulcus (POS) and in left anterior intraparietal sulcus (antIPS). Similarly to neglect patients, participants in this study used their right hand during PA, and activation was related to the contralateral hemisphere. More specifically, it was found that the activity of POS was related to the reaching component and to the magnitude of error correction on the current trial. This activity was low in the first trials, where large terminal errors were present, and then progressively increased until errors were reduced (first 10 trials). In contrast, the left antIPS was activated according to pointing deviation, suggesting a role of this region in detecting pointing errors, which is consistent with a previous PET study reporting similar activation during a reaching task with jumping targets (Desmurget et al., 2001) . Finally, the authors also found an activation in right intraparietal cortex during the early exposure phase, when comparing the first versus second runs of pointing with prisms and a bilateral activation of the superior temporal sulcus, associated with sustained exposure to prism. Activity increase in the right hemisphere was found only during the later stage, when pointing deviation was fully compensated and errors completely abolished.
Taken together, the aforementioned results support the view that the correction of sensory-motor coordinates is mediated by sensorimotor networks contralateral to the pointing hand and centered over the left PPC. In the case of neglect patients, if PA requires processes of error detection in the left anterior IPS and error correction in the left POS, it is not surprising that the inhibition of these neural structures by c-tDCS over the left PPC does not allow the adaptation to the visual disparity between proprioceptive and visual information and the consequent improvement of neglect deficits (Serino et al., 2006; Redding and Wallace, 2006) . Our findings provide insights into the possible mechanisms underlying the recovery of neglect by using PA associated with tDCS. Our data indicate that c-tDCS over left PPC (in combination with a-tDCS over the right supraorbital regions), known to interfere with cortical functions of PPC (Bolognini et al., 2013; Convento et al., 2014; Minamoto et al., 2014) , can disrupt the beneficial effect of PA when this tDCS protocol is coupled with PA treatment. This suggests that sensorimotor networks involving the left PPC are not only recruited during adaptation effects (Luauté et al., 2006 (Luauté et al., , 2009 , but migh be also necessary for the beneficial effect of PA (Saj et al., 2013) . In addition, atDCS over right PPC (in combination with c-tDCS over the left supraorbital regions), known to enhance cortical functions of PPC (Bolognini et al., 2013; Convento et al., 2014; Minamoto et al., 2014) , increases the beneficial effect of PA when this protocol is coupled with PA treatment, possibly by enhancing the recruitment of spared tissue in parietal regions.
Our study has some potential limitations, which require careful consideration. First, our stimulation had limited focality. Indeed, we used conventional bipolar electrode arrangement with large electrodes delivering a relatively nonfocal stimulation (Nitsche et al., 2008; Hummel et al., 2008) . Additionally, our reference electrode was placed over the supraorbital region contralateral to the target electrode and therefore currents flowed between prefrontal and parietal regions in the two active stimulation groups. Although we selected this arrangement based on the evidence of clinical utility of a-tDCS in stroke patients (e.g. Ko et al. 2008 ; but see also more recent studies of Sunwoo et al., 2013 and Bolognini et al., 2015) , future studies are needed to understand whether the observed effects are specific for the stimulation of left and right PPC, or may be mediated by larger parieto-frontal networks of sensorimotor regions connected to bilateral PPC. In this context, it should be considered however that studies using this montage have successfully modulated cortical functions that are typically ascribed to the parietal cortex (e.g. attention, planning phase of action performance; Minamoto et al., 2014; Convento et al., 2014; Bolognini et al., 2015) , but not sensorimotor functions of and neural activity in frontal motor areas (Convento et al., 2014; Avenanti et al., 2012a) . This suggests that neural effects of our montage might largely influence parietal (and possibly contralateral anterior prefrontal) areas, rather than frontal sensorimotor networks, suggesting at least partial anatomical specificity. While higherfocalitymaybenecessarytobetterunderstandthe mechanismsofPAimprovement,futurestudieswillalso clarify whether more focal stimulations have some clinical utility. Indeed, it is held that recovery after a stroke strongly relies on the functional reorganization of largescalebrainnetworksandthusrecruitmentoflargeneural networks is desirable in stroke rehabilitation.
In conclusion, the results of the present study suggest caution when coupling cognitive treatments with standard methods of brain stimulation aimed at re-balancing interhemispheric competition by downtuning the excitability of the contralesional hemisphere. Our data suggest that, it is important to understand which brain system mediates the recovery of the impaired function. If the neural networks underlying the recovery is implemented in the intact hemisphere, it can be predicted that its inhibitory stimulation can be detrimental. In contrast, for the reasons outlined above, the stimulation of the damaged hemisphere can be effective in boosting the recovery.
